Introduction
Although there are some disadvantages, such as adsorption of hydrophobic molecules, 1 negative impacts on specific cells due to the leaching of uncrosslinked poly(dimethylsiloxane) (PDMS) oligomers into culture medium 2, 3 and incompatibility with organic solvents, 4 etc., PDMS is currently one of the most widely used materials in the research field of microfluidics because of its easy and rapid fabrication process 5, 6 and favorable characters. Optical transparency of PDMS allows us to observe phenomena in the device under a microscope. 6 Membrane-based microvalves can be realized by making use of the low Young's modulus of PDMS. 7 High gas permeability is useful for long-term cell culture experiments. 8 Also hydrophobic surface is utilized for pneumatic liquid handling with microcapillary vent structures 9, 10 or narrowed channel. [11] [12] [13] Thus, many of the latest achievements in microfluidics have been obtained using PDMS devices. [14] [15] [16] [17] [18] Glass substrates are frequently used as a solid support to seal microchannels on PDMS-based microfluidic devices. Those devices are applied to a variety of applications by integrating electrodes 10, 19 or heater/sensor structure for temperature control, 20, 21 and by immobilizing DNA, 22 or antibody 23 on the glass substrates. From the viewpoint of fabrication, the capability of irreversibly bonding is among the greatest advantages of glass substrates. The bonding is achieved by an oxygen plasma 6 or corona discharge 24 treatment without any linker molecules, such as silane reagent, 25 making it possible to handle liquid on the device without leakage. However, pneumatic liquid handling utilizing the hydrophobic property of PDMS will become difficult with those bonding processes, due to change the hydrophobic nature of the PDMS surface to hydrophilic in addition to the inherent hydrophilic surface of glass. The recovery of the hydrophobicity of the treated PDMS surface was well studied previously [26] [27] [28] and the recovered hydrophobic surface can be compatible with pneumatic liquid handling.
As for the inherent hydrophilicity of the glass surface, though there are some attempts to change it by microcontact printing of uncrosslinked PDMS oligomers using PDMS stamps, 29, 30 the surface property of the glass surface on PDMS-glass hybrid microfluidic devices has not yet been well investigated. Further, it has just been shown experimentally that an extra-heating process makes the surfaces of a PDMS-glass hybrid microfluidic 2012 © The Japan Society for Analytical Chemistry † To whom correspondence should be addressed. E-mail: tfujii@iis.u-tokyo.ac.jp This paper presents a simple method to change the hydrophilic nature of the glass surface in a poly(dimethylsiloxane) (PDMS)-glass hybrid microfluidic device to hydrophobic by an extra-heating step during the fabrication process. Glass substrates bonded to a native or oxygen plasma-treated PDMS chip having microchambers (12.5 mm diameter, 110 μm height) were heated at 200 C for 3 h, and then the hydrophobicity of the glass surfaces on the substrate was evaluated by measuring the contact angle of water. By the extra-heating process, the glass surfaces became hydrophobic, and its contact angle was around 109 , which is nearly the same as native PDMS surfaces. To demonstrate the usefulness of this surface modification method, a PDMS-glass hybrid microfluidic device equipped with microcapillary vent structures for pneumatic manipulation of droplets was fabricated. The feasibility of the microcapillary vent structures on the device with the hydrophobic glass surfaces are confirmed in practical use through leakage tests of the vent structures and liquid handling for the electrophoretic separation of DNA molecules. device hydrophobic. 10 Here, we present an extra-heating process of PDMS-glass hybrid microfluidic devices as a simple method to change the hydrophilic nature of the glass surface to hydrophobic, and the hydrophobicity of the modified surface is characterized through measurements of contact angle. The present method was applied to a PDMS-glass hybrid microfluidic device for the pneumatic handling of liquid droplets using microcapillary vent structures with pneumatic manipulation. The effectiveness of the method was evaluated through leakage tests of the vent structures and liquid handling for the electrophoretic separation of DNA molecules on the microfluidic device.
Modification of the Glass Surface Property in PDMS-

Experimental
Measurements of contact angle
To measure the contact angle of water on the glass surface inside the PDMS-glass hybrid device, we fabricated a device shown in Fig. 1 . It consists of a PDMS chip (2 mm thickness) having four microchambers (12.5 mm diameter and 110 μm height each) and a glass substrate with a Au layer. The Au layer was patterned to define the areas of the glass surface (9 mm diameter each), and to prevent the irreversible bonding of oxygen plasma-treated PDMS chip with the substrate. As a control sample, we also fabricated a glass substrate covered with a Au layer over the whole surface area. Figure 2 shows the procedure used to measure the contact angles of water on the glass surface patterned on the glass substrate. After bonding of the glass substrate with the PDMS chip to form PDMS-glass hybrid device, it is heated in a convection oven, or on a hotplate at 200 C for 3 h. Then the contact angle of water on the glass surface on the substrate was measured after removing the PDMS chip.
The microchamber embedded PDMS chip was fabricated through the conventional soft-lithography process described elsewhere. 5, 6, 9 Briefly, a prepolymer of PDMS (SILPOT 184 W/C, Dow Corning Toray, Japan) is poured onto a mold made of an ultrathick photoresist (SU-8 2075, MicroChem Corp., MA) on a silicon wafer, and then the mold is cured at 150 C for 30 min in a convection oven. The Au layer (400 nm height) with a Cr layer as an adhesive layer was deposited on a borosilicate glass substrate (S91112, 52 mm × 76 mm × 1 mm, wlh, Matsunami Glass Ind., Osaka, Japan) by a vacuum thermal-evaporation apparatus (VCP-410A, ULVAC, Kanagawa, Japan).
Further, the Au layer was patterned though a conventional wet-etching process with a positive photoresist (AZ P1350, AZ Electronic Materials Japan, Shizuoka, Japan) as an etching mask. 31 The glass substrate was diced by a cutter to be half sized (26 mm × 76 mm × 1 mm, wlh), then, the remaining photoresist on the diced substrates was removed by a solvents rinsing (acetone, 2-propanol, and deionized (DI) water), and was cleaned by soaking in a piranha solution (mixture of sulfuric acid and hydrogen peroxide at about a 3:1 volume ratio) for 120 min, and rinsed with DI water completely. Then, the glass substrate was dried in a convection oven. Finally, the glass substrate was cleaned with an oxygen plasma by a reactive ion etching (RIE) machine (RIE-10NR, Samco International, Kyoto, Japan) under the condition of O2 gas flow of 50 sccm, pressure of 20 Pa, and electric power of 200 W, for 60 s. This was conducted just before bonding the substrate with the PDMS chip. PDMS chips treated with oxygen plasma under the condition of O2 gas flow of 50 sccm, pressure of 20 Pa, and electric power of 75 W, for 5 s were used as "treated PDMS". A convection oven (ST-110, ESPEC Corp., Osaka, Japan) and a hotplate (TH-900, AS ONE, Osaka, Japan) were used for extra-heating of the device at 200 C for 3 h.
In the measurements of contact angle, a 1-μL droplet of water was applied by pipetting onto the circular-shaped glass surface of the substrate after the extra-heating process, and images of side-view of the droplet were obtained using a cube beam splitters (NT32-504, Edmund Optics Inc., NJ) and a stereomicroscopy (MV10X, Olympus, Japan) with a light source a (LG-PS2, Olympus, Japan). The images were recorded to a PC via a 3CCD camera (Exwave HAD, Sony, Japan), and the contact angle of the droplet was measured by a laboratory-made image processing program. In the program, the contact angles were calculated using a method called θ/2 method, 32 in which, the contact angles are geometrically calculated by using the Fig. 1 PDMS-glass hybrid device for measurements of contact angle. The PDMS chip has four microchambers (12.5 mm diameter and 110 μm height). The glass substrate has a Au layer to define the glass surface (9 mm diameter) and to prevent irreversible bonding of the PDMS chip treated with oxygen plasma to the glass substrate. Fig. 2 Procedure for measuring the contact angle of water on the glass surface patterned on the glass substrate bonded with the PDMS chip after the extra-heating process. After extra-heating at 200 C for 3 h, the PDMS chip is removed from the glass substrate, and then the contact angle of a water droplet on the glass surface is measured. measured height and contact diameter of the three-phases (the liquid phase of the droplet, the solid phase of the substrate, and the gas phase of the ambient).
A microfluidic device for droplet handling
To evaluate the applicability of the present hydrophobization method, we designed and fabricated a microfluidic device for droplet handling, as shown in Fig. 3 . The device has a liquid channel (W = 90 μm, H = 27.9 μm) and a liquid port for both inlet and outlet on the PDMS fluidic chip (Fig. 3A) bonded onto a glass substrate. The two electrodes for electrophoresis are patterned along the liquid channel with 5 mm spacing on the glass substrate. The liquid channel is connected to four independent pneumatic channels via microcapillary vent structures (w, h = 1.9 μm, pitch = 14 μm) for droplet-based liquid handling by pneumatic manipulation (Fig. 3B) . The pneumatic channels are connected to silicone tubes for further connection to a pressure source outside of the device.
The microfluidic device was fabricated basically through the same process as the device used for the measurements of contact angle.
Briefly, negative masters for microcapillary vent structures and for microchannel structures made of an ultrathick photoresist (SU-8 25, MicroChem Corp., MA) were fabricated on a silicon wafer by a silicon dry-etching process and a conventional photolithography process, respectively. 9 Then, the PDMS fluidic chip was fabricated by the same curing condition as the device for the measurements of contact angle (150 C for 30 min). Finally, after the oxygen plasma treatment with the same condition as described in the previous section, the fluidic chip and the glass substrate, on which Au electrodes are patterned, were aligned using methanol, 33 and bonded irreversibly with each other.
Leakage test and electrophoretic separation of DNA
To supply the required positive/negative air pressures for liquid handling on the microfluidic device, the pneumatic channels on the device were connected to a programmable air-pressure control system (Microfluidic System Works Inc., Japan) via tubes made of polytetrafluoroethylene. A DC power supply (E3631A, Hewlett Packard, CA) was used for electrophoresis.
A fluorescence microscope (BX51WI, Olympus, Japan) with a fluorescent mirror unit (U-MWIB2, Olympus, Japan) and the 3CCD camera was used to observe the operations of electrophoresis on the device. The obtained images were analyzed using a laboratory-made image processing program. In the electrophoresis experiment, a 100-bp DNA ladder (100 bp molecular ruler, Bio-Rad Laboratories, Inc., CA) stained with a fluorescent dye (SYGR ® Green I, Molecular Probes, OR) was used as a sample DNA solution. A polymer solution of 1.4% (w/v) of hydroxyethyl cellulose (HEC) (MW ~90000 -105000, Polysciences, Inc., PA) in 1× TBE buffer (89 mM Tris-borate, 2 mM EDTA, pH 8.4) (Takara, Shiga, Japan) was used as a sieving matrix. A microfluidic device without Au electrodes was used to evaluate the pressure barrier, which is the maximal allowable pressure difference of the microcapillary vent structure without any liquid leakage. In this work, DI water supplied by a Milli-Q SP system (Nihon Millipore, Tokyo, Japan) was used.
Results and Discussion
Measurements of contact angle
To evaluate the hydrophobicity of the glass surfaces on the glass substrate bonded with the PDMS chip after the extra-heating process, the contact angles of the water droplet on the glass surfaces were measured. The gray colored bars in Fig. 4 show the contact angles on the glass surface patterned on the glass substrate bonded with the PDMS chip after the extra-heating process (samples No. 8, 9, 16 and 17) . These values show nearly the same value of the native PDMS surface (108.6 , sample No. 1) and it is independent on both the heating apparatus (convection oven or hotplate) and with/without the oxygen plasma treatment before the extra-heating process. We assume that preexisting uncrosslinked PDMS oligomers released from the PDMS chip by the extra-heating process contribute to this hydrophobization. Nagai et al. reported that uncrosslinked PDMS oligomers are released from a balk PDMS to air by UV irradiation. 34 We consider that the same phenomenon also occurred by this extra-heating process. After the extra-heating process, similar hydrophobization is also observed in the case of Au surfaces on the glass substrate bonded with a PDMS chip (samples No. 11, 12, 19 and 20) . Interestingly, in spite of the RT condition (without the extra-heating process), hydrophobization of the glass surface on the glass substrate has been observed (samples No. 24, 25, 27 and 28) . Results from comparing the values of samples bonded with the PDMS chip at room temperature (RT) condition (samples No. 24, 25, 27 and 28) and samples with the extra-heating process (samples No. 8, 9, 11, 12, 16, 17, 19 and 20) , it can be said that an enhancement of the hydrophobization of surfaces can be brought by the extra-heating process. 
Leakage test and electrophoretic separation of DNA
The hydrophobicity of surfaces of microcapillary and its small cross section make it act as an air vent to conduct liquid handling with pneumatic manipulation without leakage of liquid. On the other hand, the hydrophilic surface of microcapillary causes capillary action, and it is therefore difficult to keep the liquid confined within the liquid channel. Since the extra-heating process is a method to increase the hydrophobicity of the surfaces of PDMS-glass hybrid devices, we can utilize this method for changing the hydrophilic surfaces of microcapillary in PDMS-glass hybrid devices after irreversible bonding process by oxygen plasma treatment to hydrophobic surfaces to make the microcapillary to be an air vent. To validate the effectiveness of this method, leakage tests of the microcapillary in the microfluidic device for droplet handling were performed as shown in Fig. 5 . The pressure barrier of the microcapillary vent structures on the device is in the range of 45 to 50 kPa, which is sufficiently large for practical use. Theoretically, the pressure barrier, ΔP, of a PDMS-glass hybrid device can be estimated by the following equation.
where γ, θPDMS and θglass are the surface tension of a liquid and the contact angle between the liquid and the PDMS surface and the glass substrate, respectively. When the values of the measured contact angles (θPDMS = 106.1 , θglass = 109.1 , values from the samples No. 6 and 9 shown in Fig. 4) , the microfluidic device dimensions (w = h = 1.9 μm, W = 90 μm, H = 27.9 μm) and the material property of water (γ = 0.073 N/m) are used, the pressure barrier is estimated to be 42.5 kPa. We consider that the roughness of internal surface of the microcapillary vent structure is one possible reason for the difference between the theoretical and measured values of the pressure barrier.
Although the value of the actual pressure barrier is higher than the theoretically estimated one, we confirmed that it was sufficiently large for practical use. As a demonstration of the microfluidic device for analytical applications, electrophoretic separation of the 100-bp DNA ladder was performed as shown in Fig. 6 . Liquid handling from introduction of the DNA solution, the formation of a sample plug (about 318 pL), the introduction of the polymer solution as sieving matrix and merging the polymer solution with the sample plug were conducted without any leakage (Figs. 6B -6D) . Then, the size-dependent separation of DNA could be successfully performed as shown in Figs. 6E -6I. In liquid handling, the microcapillary vent structure having Au surface at its bottom (connected to P1) could serve the same as the vent structure having glass surface at its bottom (connected to P2). Since electrophoresis can be conducted on the microfluidic device, we conclude that there is no significant harmful effect due to the extra-heating process to apply an electric field by hydrophobic Au electrodes. 
Conclusions
In this paper, we introduce the simple hydrophobization method for the glass surfaces of PDMS-glass hybrid devices. Through measurements of contact angle of the surfaces of the PDMS-glass hybrid device after the extra-heating process, the effectiveness of the method for hydrophobization of the glass surface has been confirmed. This method can work independently from the heating apparatus (convection oven or hotplate), and with/without oxygen plasma treatment of the PDMS chip before bonding with the glass substrate. The practical usefulness of the method was validated through leakage tests of microcapillary vent structures and an electrophoretic separation of DNA molecules on a PDMS-glass hybrid microfluidic device for droplet handing. Although the proposed method offers a hydrophobic surface modification of the glass surfaces in PDMS-glass hybrid microfluidic devices, to know the exact mechanism of the hydrophobization process, chemical characterization of the glass surface is required by using such as Fourier transform infrared (FTIR) spectroscopy or X-ray photoelectron spectroscopy (XPS). 
